Background: Contemporary options for aortic valve replacement (AVR) include transcatheter and surgical approaches (TAVR and SAVR). As evidence accrues for TAVR in high and intermediate risk patients, some clinicians advocate that all patients aged over 80 years should only receive TAVR. Our aim was to investigate the utility of SAVR and minimally invasive AVR (mAVR) among octogenarians in the current era of TAVR. Results: Compared to SAVR patients, TAVR patients were relatively older (86.2 versus 84.2 years) with co-morbidities such as chronic kidney disease (CKD), diabetes mellitus (DM), cerebrovascular disease (CVD), and prior myocardial infarction (MI), all P<0.05. The mean STS-PROM for the TAVR group was statistically higher, 6.81 versus 5.58 for the SAVR group (P<0.001). The median in-hospital LOS was statistically higher for the SAVR group (P<0.05). Cox proportional hazard modeling, adjusted for temporal differences in procedure and patient selection, identified age, New York Heart Association (NYHA) class III/IV, preoperative creatinine, severe chronic lung disease, prior cardiac surgery as significant predictors of decreased survival (all P<0.05), while type of intervention (approach) was non-contributory. Adjusted operative mortality stratified by procedure approaches was similar between full sternotomy SAVR and mAVR, and between alternative access and transfemoral TAVR.
Introduction
Aortic stenosis is the most common native valve disease, reportedly affecting up to 5% of the elderly population, with increasing incidences over time as life expectancy increases (1, 2) . Traditionally, surgical aortic valve replacement (SAVR) has demonstrated improved survival and definitive treatment in symptomatic patients (3, 4) . However, contemporary options for aortic valve replacement (AVR) include transcatheter AVR (TAVR), which has evolved as a suitable alternative to SAVR.
Within the last decade especially, significant evidence has emerged demonstrating the efficacy and safety of TAVR in high and intermediate risk patients using various validated, randomized clinical trials such as the Placement of Aortic Transcatheter Valve (PARTNER) IA, IB and recently IIA trials (5-7). These results are promising and, in many ways, have begun to shift the paradigm in management of aortic disease among octogenarians and nonagenarians. In fact, some clinicians believe that all patients aged over 80 years should receive TAVR given their comorbidities and overall frailty.
Unfortunately, TAVR approaches are limited to certain high-volume or academic centers with transcatheter capabilities. These approaches are also associated with steep learning curves for trainees and higher patient costs, with limited follow-up data on valve performance and duration long term. Keeping these concerns in mind, our aim was to compare the outcomes of TAVR and SAVR, including minimally invasive AVR (mAVR) in the elderly and assess whether SAVR still remains a viable and perhaps the goldstandard approach for management among octogenarians in the current era of TAVR.
Methods

Data source
Following approval by the institutional review board, we identified all octogenarians who underwent isolated AVR procedures at our institution between January 2002 and December 2015. Patients undergoing concurrent coronary artery bypass grafting (CABG) procedure, those undergoing replacement of mitral or tricuspid valves, and those undergoing any repeat valvular replacement or repair procedure were excluded from the analysis.
Demographic data
Patient demographic, operative and in-hospital outcomes were extracted from our hospital's electronic medical records, and data for TAVR patients was derived from our institutions' Society of Thoracic Surgeons (STS)/ American College of Cardiology (ACC) Transcatheter Valve Therapy (TVT) Registry data file. All variables presented were coded according to specifications from the Adult Cardiac Surgery Database version 2.52 specifications, unless otherwise indicated. Chronic kidney disease (CKD) was defined a priori as a preoperative creatinine ≥2.0 mg/dL or most recent clinical documentation of renal disease. Echocardiographic data was also utilized to obtain pertinent preoperative and postoperative aortic valve hemodynamic data. Pre-procedure echocardiographic data was extracted from the most recent pre-operative study when available, or the intra-operative trans-esophageal echocardiography (TEE). The degree of post-procedure AR was derived from operative notes or echocardiographic studies.
Surgical approach
At our institution, the most commonly utilized mAVR approach is via the hemi-sternotomy approach, a technique we have previously described and have shown comparable outcomes for, compared to the conventional full sternotomy approach (8, 9) . Briefly, the upper-hemi-sternotomy at the level of the 4th intercostal space is utilized. For venous drainage, either the right atrium or right femoral vein is cannulated (9) . Another mAVR approach via the rightsided thoracotomy is also utilized; a total of 50 patients underwent mAVR via this technique.
Patient selection
The selection of mAVR versus full AVR was at the surgeon's discretion. Patients selected for TAVR were based on the FDA approved criteria. Patients who were deemed high or prohibitive surgical risk by the heart team were treated with TAVR. High risk was defined as STSpredicted risk of mortality (PROM) ≥8.0 or other criteria such as patient frailty, cirrhosis, or pulmonary hypertension, that were not captured by the STS score.
Outcome of interest
Primary outcomes of interest were operative mortality and post-operative survival. Secondary outcomes included length of stay (LOS), permanent stroke, and postoperative resolution of aortic regurgitation (AR). We defined operative mortality as any death occurring in-hospital during the index admission or within 30 days of surgery, if discharged. The STS-PROM score was calculated using the 2008 algorithm. The observed-to-expected ratio (O/E ratio) was the percent operative mortality divided by the STS-PROM.
We further stratified each procedure into various subgroups, for additional analysis, based on procedure approaches. For instance, TAVR was further stratified according to the transfemoral approach (TAVT-TF) or alternate access via either subclavian or transaortic approaches (TAVR-Alt). Similarly, SAVR was divided into the full sternotomy group (SAVR) versus the mAVR. Survival data was obtained from our internal research data repository, routine patient or clinic follow-up, query of the social security disability insurance (SSDI), and our state's Department of Public Health Records. Follow-up time was calculated in months from the date of surgery to the date of death or June 30, 2016 (i.e., 6 months after the study period). There was 99% follow-up for patient survival. For patients lost to follow-up, observation time was censored at the point of last known clinical contact.
Statistical analysis
Normally distributed variables were expressed as a mean with standard deviation, and compared using Student's t-test with Levene's test for homogeneity for variance. Nonnormally distributed variables were expressed as a median with interquartile range (IQR), and were compared using Mann-Whitney U tests. On the other hand, categorical variables were presented as number and percentages, and were compared using χ 2 or Fisher's exact tests. All analyses were conducted using IBM SPSS Statistics version 23.0 (IBM Corporation, Armonk, NY, USA) with P≤0.05 as the criterion for significance. Unadjusted survival was evaluated by Kaplan-Meier analysis with log-rank tests. Adjusted survival was evaluated using forward stepwise Cox proportional hazard modeling. Variables selected included those found to be significantly different between groups on univariate analyses, variables known to be contributors to all-cause mortality, and those deemed clinically meaningful to the procedure subgroups. Continuous variables included for analyses were age (years), ejection fraction (%), and preoperative creatinine (mg/dL). Categorical variables evaluated included congestive heart failure (CHF), New York Heart Association (NYHA) class III/IV, CKD, re-operative surgery, diabetes mellitus (DM), hypertension, cerebrovascular accident (CVA), cerebrovascular disease (CVD), peripheral vascular disease (PVD), emergent operative status, and type of procedure. Transcatheter procedures were not available outside of clinical trials prior to 2012, and our institutional practice for referral for TAVR versus SAVR were not analogous. To address confounding due to the practice and temporal differences, the year of surgery was entered in our model.
Results
Patient demographics
Our overall cohort consisted of 1,028 patients, including 306 TAVR patients and 722 SAVR patients. Of the SAVR group, 378 patients underwent mAVR, 328 via hemisternotomy and 50 via right sided-thoracotomy. The mean patient age was 84.4±3.4 (range 80-94 for SAVR and 80-97 for TAVR) years and 52.3% [538] were women. Preoperatively, 7.5% (77 patients) had CKD with a mean creatinine of 1.2±0.7 mg/dL. Most patients, i.e., 79.7% (819 patients) had hypertension, while the prevalence of diabetes, CVD, and previous MI was 23.9% (246 patients), 7.8% (80 patients), and 13.5% (139 patients), respectively. Notably, 63.5% (653 patients) had symptoms of CHF in the 2 weeks before surgery, and 59.4% (611 patients) were in the NYHA class III or IV classification. Overall, the mean STS-PROM score was 5.96±3.87, with a median follow-up of 35 months (IQR 14-65) as shown in Table 1 .
TAVR and SAVR subgroups
Compared to SAVR patients, TAVR patients were older (86.2 vs. 84.1 years) and had a higher rate of CKD (13.1% vs. 5.1%), DM (35.0% vs. 19.3%), CVD (12.7% vs. 5.7%), and prior MI (24.2% vs. 9.0%), all P≤0.001. The mean STS-PROM for the TAVR group was statistically higher, 6.81±4.54 versus 5.58±3.48 for the SAVR group (P≤0.001). Additionally, TAVR patients tended to be much sicker as reflected by their CHF history (83.3% vs. 55.1%) and overall NYHA class (i.e., III/IV) (79.1% vs. 51.1%), all P≤0.001. Both these groups, however, were similar in terms of gender composition, hypertension history, and emergent status of the procedure ( Table 1) . Table 2 ).
Operative characteristics
In-hospital outcomes
Operative mortality was similar between the two groups (4.2% in TAVR vs. 5.1% in SAVR, P=0.64), as was the incidence of stroke (5.6% in TAVR vs. 6.4%, P=0.47). None of the patients in the SAVR group had early postoperative evidence of residual AR, unlike the TAVR group, where the incidence of postoperative mild and moderate residual AR (para-valvular leaks) was 6.9% and 2.0%, respectively.
Similarly, the TAVR group had no patients with new onset renal failure, compared to 3.7% (27 patients) in the SAVR group ( Table 2 ). The median intensive care unit (ICU) stay and in-hospital LOS was significantly longer for the SAVR group [51 (IQR 28-96) h versus 6 (IQR 0-28) h, and 8 (IQR 6-11) days versus 3 (IQR 2-6) days, all P≤0.001 vs. TAVR, respectively).
Mid-term survival
There were 24 (2.3%) patients lost to survival followup. Median follow-up time was 52 months for SAVR patients and 14 months for TAVR, for a total of 3,719 patient-years of follow-up, during which there were 369 deaths. The Kaplan-Meier analysis ( Figure 1A) shows that SAVR patients had significantly better long-term survival compared to TAVR patients; unadjusted survival at 12, 24, 36, and 48 months was 86%, 82%, 78% and 73% respectively for SAVR versus 83%, 75%, 64%, and 52% for TAVR (P=0.024). Figure 1B shows that adjusted survival did not differ significantly across groups. Using Cox proportional hazard modeling with year of surgery to adjust for the temporal differences in procedure availability, and in patient selection and clinical practice, significant contributors of decreased survival included age (years), preoperative creatinine (mg/dL), severe chronic lung disease, NYHA class III/IV, PVD, and previous cardiac surgery ( Table 3) .
Sub-group analysis
We further divided our procedure groups into subclassifications: mAVR, SAVR, TAVR via trans-femoral access (TAVR-TF) and TAVR via alternative subclavian or transaortic approaches (TAVR-Alt) and re-ran our forward Cox proportional hazard model. This revealed a model that was substantially similar to the first, with age, creatinine, NYHA class, severe chronic lung disease, and re-operative status as being predictive of decreased survival ( Table 4) . As seen in Figure 2 , survival did not differ significantly across the procedure groups when adjusting for major confounders (overall P=0.45). 
Discussion
In our study, we investigated operative and mid-term outcomes of octogenarians undergoing either SAVR or TAVR, further examining the utility of mAVR and alternate access approaches for TAVR. We specifically sought to address the question many clinicians currently face in the current era of TAVR: whether SAVR is still an option among the elderly, especially the octogenarians, who have concurrent multiple co morbidities. This study demonstrated that while TAVR is frequently utilized among octogenarians, especially in a high-risk population, outcomes following SAVR were similar, even after adjusting For instance, the PARTNER IA trial examined the efficacy of TF-TAVI (TAVR) versus standard therapy in inoperable patients with aortic stenosis and found that TAVR patients (which included patients with mean age 83 years) relatively had 20% less mortality at one year (7) . In a similar patient demographic but with higher STS-PROM risk score, PARTNER IB trial showed that TAVI (TAVR) was relatively not inferior at 30 days and 1-year mortality compared to SAVR patients. Notably, rates of major stroke were reportedly similar between the two groups, although vascular complications were significantly more frequent in the SAVR group (10) . More recently, the results of PARTNER IIA trial and the recent Surgical Replacement and Transcatheter Aortic Valve Implantation (SURTAVI) trials have further cemented the role of TAVR in intermediate-risk patient groups (5, 11, 12) . Our study, which comprised octogenarians with mostly intermediaterisk scores (means STS-PROM of 6.99) demonstrated similar findings to these trials above during a median follow-up of 35 months. However, we also demonstrated that the type of procedural approach (either full sternotomy SAVR or mAVR, or either TF-TAVR or alternative access) did not significantly impact overall mid-term survival.
Because of the promising results in intermediate-risk patients, some clinicians now have advocated TAVR on all patients over 80 years, despite the lack of long-term data and relative uncertainty over TAVR valve performance over time. However, a normal, healthy 80-year-old with were not significantly different (P=0.45). normal body surface area, and no existing co-morbidities undergoing elective AVR will have a low STS-risk score of 1.4%, which will place him as low risk and will not be indicated for TAVR. Using our own extensive 16-year institutional experience with mAVR, we have also demonstrated that the hemi-sternotomy approach is reliable and safe in patients undergoing reoperations and those older than 80 years, with an operative mortality of 2.9% and longterm survival of 92% at 10 and 15 years, respectively (9) . Likewise, certain individuals with high vascular complication rates and risk factors for PPM, in whom any para-valvular leaks would significantly affect overall survival, may in fact benefit from SAVR as a safe and durable treatment strategy. In our study for instance, we found that that almost a fifth of the patients in the TAVR group had at least trace to moderate residual AR (para-valvular leaks) postoperatively compared to none in the SAVR group. In this context, we believe that SAVR, or preferably mAVR may still have a pivotal role to play in the management of carefully selected patients where avoidance or mitigation of PPM, permanent pacemaker implantation, and other vascular complications would be critical to improve patient prognosis. We also believe that mAVR, instead of SAVR, should be benchmarks against which the performance of emerging TAVR approaches can be compared, especially in octogenarians.
On the other hand, octogenarians, in particular, still remain highly vulnerable to complications given their overall age and frailty, independent of the STS-risk score (13, 14) . Patients with difficulty ambulating, those with poor nutrition and/or concurrent need for another surgery (due to cancer or orthopedic injuries, for example), and frailty would be ideal candidates for TAVR. Thus, the majority of patients would benefit from TAVR because of faster recovery, improved functional status and quality of life. For instance, a comprehensive systematic review of 60 observational studies by Kim et al. examined functional and quality of life benefits among high-risk patients undergoing TAVR (15) . The study found a clinically important decrease from baseline in NYHA class, of up to 2 classes, at 1 and 2 years, as well as improvement in the Short Form-12/36 Health Survey physical component score (change between 4.9 to 26.9 points) by 1 year. Notably, both changes were higher relative to SAVR. Moreover, a few studies assessed other validated measures of functional status such as the Kansas City Cardiomyopathy Questionnaire (KCCQ), and similar clinically important and favorable changes were observed in high-risk and in-operable patients aged 80 years and over (15) (16) (17) (18) .
The promising results from recent TAVR trials have led to the widespread utilization of TAVR approaches, especially in recipients with a median age of 83 years and a mean age of 81 years, or perhaps older as demonstrated in select patient groups. For instance, recent observational study from three high volume TAVR, mAVR and SAVR centers in the United States showed that between 2011 to 2014, total AVR volume had doubled with notable fivefold increases in TF-TAVR and a 1.5-fold increase in mAVR. SAVR and TA-TAVR, however, trended down. This trend remained the same, even after risk-stratifying patients according to age ≥80 years, redo AVR, patients receiving dialysis and STS-PROM >8% (19) . While trends in TAVR utilization are expected to grow with increasing surgeon experiences and innovative transcatheter valvular technologies, unfortunately, contemporary follow-up data on TAVR patients is limited only to 5-7 years in most cases. Moreover, the results of randomized control study in low risk patients (PARTNER 3 trial) will need several more years before we see the results. Some observational studies in lower-risk TAVR populations in Europe have been encouraging to some extent (20) (21) (22) , but the question regarding valve duration and structural valve deterioration will not be answered anytime soon. Likewise, issues surrounding valve thrombosis, and pacemaker rates are still concerning to many clinicians (23) , and yet to be determined in this unique aging population undergoing TAVR. Therefore, treatment decisions should be uniquely tailored according to individual patient profiles and evidence-based assessment of functional and quality of life.
Moreover, there are major costs associated with never TAVR devices, so that widespread adoption will have to be weighed against the associated healthcare costs. For comparison, a study by Simons et al. compared transfemoral TAVR to medical management (calibrated against PARTNER 1 trial), and interestingly found that the incremental cost-effectiveness of TAVR was $116,500 per quality-adjusted life-year gained compared to medical management of aortic stenosis, reflecting a substantial and expensive alternative management strategy (24) . In a similar study, but one which compared the cost effectiveness of TAVR with a self-expanding prosthesis to SAVR using patient-level data in the CoreValve U.S. High Risk Pivotal Trial, index admission and projected lifetime costs were higher with TAVR than with SAVR (differences $11,260 and $17,849 per patient, respectively). Specifically, lifetime incremental cost-effectiveness ratios were $55,090 per quality-adjusted life-year gained with TAVR (25) . While these figures are only estimates, the cost disparity is substantial in current era for TAVR in octogenarians, especially when outcomes are comparable with SAVR in the mid-term, and uncertain in the longterm trajectory. In this regard, a multidisciplinary heart team approach is mandatory in order to improve patient selection and healthcare cost-effectiveness. Importantly, as geriatric assessment of frailty has been shown to predict postoperative complications and survival after cardiac surgery, further research is warranted in order to develop robust classification algorithms that accurately predict procedural successes among octogenarians based on longterm survival and validated functional benefits (14, 15, 26) .
While this study has many merits including its large sample size, it has several limitations. First, its observational, single-center, non-randomized design cannot determine causality and may limit generalizability. Moreover, there may be patient selection biases and other inherent confounders that may have affected the study results, although we adjusted for several confounders. Selection criteria for TAVR are different from SAVR, although the former is currently being considered as a potential option for lower-risk patients. We did not have any standard measures to directly account frailty, and our analytic methods are vulnerable to confounding from unmeasured sources of bias. Lastly, there is a substantial difference in the length of follow-up available for patients undergoing TAVR, so it remains to be seen whether survival in these patients continues to be comparable to the results achieved historically. Further prospective studies are warranted that should take into account frailty and valve performance data, as well as procedural costs.
Conclusions
In octogenarians who underwent AVR, after adjusting for confounders, TAVR, SAVR and mAVR had comparable mortality and mid-term survival. Treatment decisions should be individualized with consensus from a multidisciplinary heart team, taking into account patient co morbidities, frailty and quality of life. We believe certain patient groups will still benefit from SAVR even in this elderly population.
